INTRODUCTION {#s1}
============

Hypoxic tumor microenvironments are frequently detected in cancers and contribute to aggressiveness \[[@R1]\], resistance to treatment \[[@R2]\], and metastatic dissemination \[[@R3], [@R4]\]. The adaptive response of cancer cells to hypoxia is mediated through the stabilization of hypoxia inducible factors (HIFs) that increase the transcription of several genes, by binding to hypoxia response elements (HREs) in the promoter region of these genes \[[@R5]\]. HIF is a heterodimeric basic helix-loop-helix PAS (Per-ARNT-Sim) domain containing transcription factor that consists of one of three oxygen-regulated α-subunits, HIF-1α, HIF-2α and HIF-3α and a constitutively expressed β-subunit (HIF-β/ARNT) \[[@R6], [@R7]\]. The α-subunits are constitutively transcribed and translated, but are regulated at the protein level by oxygen-dependent hydroxylation of specific prolyl residues, and degraded due to the presence of an oxygen--dependent degradation domain (ODD) \[[@R8]\]. Most target genes activated in response to hypoxia have been identified through their regulation by HIF-1α \[[@R5]\]. However, recent studies have identified target genes that are regulated by HIF-2α or by the overlapping activity of both HIF-1α and HIF-2α \[[@R9]\].

Triple negative breast cancers (TNBCs) are associated with a higher rate of recurrence than hormone responsive cancers \[[@R10], [@R11]\]. In TNBCs, overexpression of HIF-1α was associated with poor outcome in early stage disease \[[@R12]\]. Our purpose here was to expand our understanding of the consequences of hypoxia and HIFs on tumor metabolism using *in vivo* ^1^H magnetic resonance spectroscopic imaging (MRSI) and *ex vivo* high resolution ^1^H MR spectroscopy (MRS) of TNBC xenografts. Such insights can identify novel metabolic targets for TNBC treatment and expand our understanding of the role of hypoxia and HIF in creating a more aggressive phenotype.

Most studies characterizing the consequences of HIF-1α and HIF-2α silencing on metabolism have been performed with cancer cells but, to the best of our knowledge, none with breast cancer cells \[[@R13], [@R14]\]. We recently developed MDA-MB-231 cells with HIF-1α (sh-HIF-1α), HIF-2α (sh-HIF-2α), and both HIF-1α and HIF-2α silenced (sh-HIF-1/2α) \[[@R15]\]. Cells in culture showed significant differences in lipids, glucose consumption and lactate production with HIF silencing \[[@R15]\]. Here, for the first time, we have characterized the metabolism of tumors derived from these triple negative MDA-MB-231 breast cancer cells *in vivo* and *ex vivo*. Using non-invasive ^1^H MRSI of orthotopically implanted tumors we detected significant changes in total choline and lipid signals *in vivo*. High-resolution ^1^H MRS of tumor extracts identified significant changes in some branched chain amino acids, organic acids, choline metabolites, substrates, and nucleotides in the aqueous phase, and triglycerides and lipids in the lipid phase of sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. While there was some commonality of the changes across the sublines, in some instances the directionality of the changes was opposite between HIF-1α and HIF-2α silencing. Tumors from all three sublines showed a significant reduction of growth rate. Metabolic changes identified in these tumors may reveal effective targets in TNBC treatment.

RESULTS {#s2}
=======

Tumor growth curves and validation of HIF-silencing {#s2_1}
---------------------------------------------------

To determine the effect of HIF down-regulation on tumor growth, tumor volumes were measured weekly following inoculation of cells in the mammary fat pad of female SCID mice. As shown in Figure [1A](#F1){ref-type="fig"}, compared to 231-EV tumors (empty vector MDA-MB-231 with no shRNA), sublines expressing shRNA downregulating HIF-1α, HIF-2α or both isoforms of HIF showed delayed onset of tumor growth as well as growth rate. Excised tumors analyzed for mRNA in Figure [1B](#F1){ref-type="fig"} exhibited a significant decrease of HIF-1α and HIF-2α mRNA expression or both in the corresponding silenced tumors. Western blot analysis of the tumors confirmed changes in HIF protein levels in tumors derived from the corresponding cells lines as shown in Figure [1C](#F1){ref-type="fig"}.

![(**A**) Growth characteristics of tumor xenografts derived from genetically engineered 231-EV (*n* = 9, diamond), sh-HIF-1α (*n* = 10, triangle), sh-HIF-2α (*n* = 9, square) and sh-HIF-1/2α (*n* = 7, dot) cells. Growth curves were generated by averaging the tumor volume of mice in each group. (**B**) RT q-PCR analysis showing HIF-1α and HIF-2α mRNA expression levels in 231-EV (*n* = 8), sh-HIF-1α (*n* = 10), sh-HIF-2α (7-8) and sh-HIF-1/2α (*n* = 5) tumors. Values represents Mean fold induction ± SEM of the ∆Ct Values. *P*-values less than 0.05 were considered significant. ^\*^*p* ≤ 0.05, ^\*\*\*^ *p* ≤ 0.0005. (**C**) Representative immunoblots showing HIF-1α and HIF-2α levels in 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. GAPDH was used as a loading control in the western blots.](oncotarget-09-15326-g001){#F1}

HIF silencing alters choline and lipid metabolism *in vivo* {#s2_2}
-----------------------------------------------------------

To determine if HIF downregulation altered choline and lipid metabolism, we next performed *in vivo* ^1^H MRSI of orthotopic tumors derived from 231-EV and HIF silenced sublines. As shown in the representative total choline and lipid maps in Figure [2A and 2B](#F2){ref-type="fig"}, a decrease in total choline and lipids was observed with HIF silencing, especially when both HIF-1α and HIF-2α were silenced. Spectra obtained from the corresponding 4 mm thick slice are displayed in Figure [2C](#F2){ref-type="fig"}. Quantitative analyses of *in vivo* total choline and total lipid data acquired from multiple tumors are summarized in Figure [2D and 2E](#F2){ref-type="fig"}. Compared to the empty vector control tumors, a significant decrease in both total choline and lipid levels was observed in tumors when both HIF-1α and HIF-2α were silenced. Also evident is the spatial heterogeneity of total choline and lipids in these tumors.

![Representative (**A**) total choline and (**B**) lipid maps of tumors from 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. (**C**) Corresponding *in vivo* MR spectra showing choline and lipid signals at 3.2 and 1.0 ppm respectively. Bar plot showing quantitative analysis of (**D**) total choline and (**E**) lipids. Values represent mean ± SEM. ^\*^*p* ≤ 0.05. The total choline signal consists of free choline, phosphocholine and glycerophosphocholine. The lipid signal may contain signal from lactate.](oncotarget-09-15326-g002){#F2}

Metabolic profile of tumor extracts {#s2_3}
-----------------------------------

We performed high-resolution ^1^H MRS of the aqueous and lipid phases of tumor extracts to expand the characterization of metabolites in these tumors. As shown in representative aqueous phase spectra in Figure [3A](#F3){ref-type="fig"} and lipid phase spectra in Figure [3B](#F3){ref-type="fig"}, differences in tumor metabolic patterns in both aqueous and lipid phase spectra were detected in sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors compared to 231-EV tumors. Heat maps were derived from the quantitative values of the different signals detected in the spectra to provide an overview of the changes in amino acids, organic acids, choline compounds, substrates/other, nucleotides, as well as some unidentified signals from the aqueous phase (Figure [4A](#F4){ref-type="fig"}) and signals detected from the lipid phase (Figure [4B](#F4){ref-type="fig"}). Of the amino acids detected in the spectra, HIF downregulation significantly altered alanine, glutamate, glutamine, aspartate, glycine, and tyrosine. Acetate, fumarate and pyruvate, but not lactate, were the organic acids that were significantly altered by HIF silencing. Consistent with the *in vivo* data, phosphocholine, glycerophosphocholine and total choline were significantly altered with HIF silencing. Consistent with the absence of changes in lactate, there were no changes in glucose levels, but creatine, glutathione, taurine and myoinositol significantly changed with HIF silencing. Signals from nucleotides such as UDP-N-AcGlsn (UDP-N-Acetyl Glucosamine), NADP, and ATP were also significantly altered. In the lipid phase spectra, signals from TAG-Glyc, lipids (CH~3~ and CH~2~), and from phosphatidylcholine but not phosphatidylethanolamine were significantly altered.

![(**A**) Representative high-resolution ^1^H MR spectra obtained from the aqueous phase of 231-EV, sh-HIF-1α, sh-HIF-2α shRNA and sh-HIF-1/2α tumors. GPC: glycerophosphocholine, PCholine: phosphocholine, BCA: branched chain amino acids. (**B**) Representative high-resolution ^1^H MR spectra obtained from the lipid phase of 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. All spectra were plotted on the same vertical scale and acquired with identical experimental parameters. PtdEA: phosphatidylethanolamine, PtdCholine: phosphatidylcholine.](oncotarget-09-15326-g003){#F3}

![Metabolic heat maps representing the differences in the metabolic profile of tumors\
Heat maps were generated from quantitative analysis of high-resolution one dimensional ^1^H MR spectral data from (**A**) the aqueous phase and (**B**) the lipid phase of 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumor extracts. Heat maps were created using MATLAB software (MATLAB R2012b, MathWorks) to visualize the metabolic patterns. Due to the high dynamic range of metabolites, we normalized the highest intensity of a metabolite in each of the four groups to 100%. This normalization provides a dynamic range between 0 - 100%, allowing a better presentation of heat maps. The heat map represents average measurements of multiple replicates per group (231-EV: *n* = 9, sh-HIF-1α: *n* = 10, sh-HIF-2α: *n* = 9, and sh-HIF-1/2α: *n* = 7). The integral area under the peak was normalized to weight and volume of the sample. TSP dissolved in D~2~O was used as a quantitative reference in the spectral analysis. Unpaired student's *t*-test was applied to measure statistical significance. (^\*^*p* value \< 0.05 for 231-EV *vs* sh-HIF-1α; ^\#^*p* value \< 0.05 for 231-EV *vs* sh-HIF-2α; ^x^*p* value ≤ 0.05 for 231-EV *vs* sh-HIF-1/2α). UDP-N-AcGlsn: UDP-N-Acetyl-Glucosamine.](oncotarget-09-15326-g004){#F4}

Corresponding bar plots (Figure [5A--5F](#F5){ref-type="fig"}) demonstrate the significant differences in spectral signals (relative concentration in A.U.) detected in amino acids, organic acids, choline metabolites, substrates/other, and nucleotides in 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. Interestingly, changes in metabolites levels were not consistently in the same direction with HIF-1α, HIF-2α, and combined HIF-1α and HIF-2α silencing. The commonality and directionality of the changes are displayed in the Venn diagram in Figure [6](#F6){ref-type="fig"}.

![Bar plots of significantly different concentrations in arbitrary units (A.U.) detected in (**A**) amino acids, (**B**) organic acids, (**C**) choline metabolites, (**D**) substrates/other, (**E**) nucleotides, and (**F**) lipids in 231-EV, sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors. Values represent mean ± SEM. ^\*^*p* value ≤ 0.05 compared to 231-EV.](oncotarget-09-15326-g005){#F5}

![Venn diagram summarizing the commonality and directionality of changes in sh-HIF-1α (red), sh-HIF-2α (green), and both sh-HIF-1/2α (blue) tumors compared to 231-EV tumors, created using web based software Venny 2.1.0 (BioinfoGP at Spanish National Biotechnology Centre (CNB)-CSIC)\
Numbers of metabolites highlighted in each circle were specific to the respective silenced group. Metabolites that changed in both groups are highlighted in the corresponding overlapping region. The metabolites are listed together with arrows to represent significant increase (up) or decrease (down) in the corresponding groups (red: 231-EV *vs* sh-HIF-1α; green: 231-EV *vs* sh-HIF-2α; blue: 231-EV *vs* sh-HIF-1/2α).](oncotarget-09-15326-g006){#F6}

Glutamine significantly decreased only in HIF-1α silenced tumors. Adenosine significantly decreased but only in HIF-2α silenced tumors. Fumarate and tyrosine decreased significantly but only in tumors with both HIF-1α and HIF-2α silenced. These two compounds decreased with HIF-1α or HIF-2α silencing alone but the decrease was significant only when both HIFs were silenced.

Changes in four metabolites (creatine, phosphocholine, taurine and UNK-4.2 ppm (UNK: unidentified peak)) were common between HIF-1α and HIF-2α silencing. All four metabolites significantly decreased with HIF-1α silencing but significantly increased with HIF-2α silencing, explaining why there was no net change of these metabolites when both HIF-1α and HIF-2α were silenced.

Changes in six metabolites (aspartate, total choline, glycine, UDP-N-AcGlsn, UNK-6.15 and UNK-8.27) were common across sh-HIF-1α and sh-HIF-1/2α tumors and all six significantly decreased suggesting that, except for total choline, HIF-1α silencing but not HIF-2α silencing played a major role in these changes.

Changes in three metabolites (acetate, uracil and glutathione) were common across sh-HIF-2α and sh-HIF-1/2α tumors. Acetate and uracil decreased significantly in both tumor types suggesting that sh-HIF-2α was dominant in this decrease. Glutathione, however, increased significantly with HIF-2α silencing but decreased significantly with combined HIF-1α and HIF-2α silencing although HIF-1α silencing did not significantly decrease this metabolite.

Changes in eight metabolites (alanine, glutamine, glycerophosphocholine, myoinositol, ATP/ADP, UNK-6.8 and ADP) were common to all three tumor types. Of these, alanine, glycerophosphocholine, myoinositol, ATP/ADP and NADP decreased significantly across all three tumor types. The significant decrease of glycerophosphocholine in all three tumor types may explain why total choline decreased in sh-HIF-1α and combined sh-HIF-1/2α tumors despite a significant increase of phosphocholine in sh-HIF-2α tumors. Glutamate decreased significantly with HIF-1α and combined HIF-1α and HIF-2α silencing, but increased significantly with HIF-2α silencing. A similar trend was observed with UNK-6.8 peak.

To further understand the molecular mechanisms underlying some of the metabolic changes we analyzed the protein expression level of choline kinase (Chk) in the tumors (Figure [7A](#F7){ref-type="fig"}), as well as alanine aminotransferase (ALT) 1 and 2 (Figure [7B--7E](#F7){ref-type="fig"}). We focused on Chk because of the changes observed in the tumors *in vivo*. Alanine was one of the metabolites that was altered across the sh-HIF-1a, sh-HIF-2a and sh-HIF-1/2a tumors. Silencing of HIF-1α resulted in a decrease of Chk expression, consistent with the significant decrease of phosphocholine observed in these tumors. In contrast, silencing HIF-2α resulted in a significant increase of Chk expression that was consistent with the significant increase of phosphocholine detected in HIF-2α silenced tumors. As a result of these opposing effects, Chk expression and phosphocholine levels were unchanged in the combined HIF-1/2α silenced tumors. Although we did not observe any difference in ALT1 mRNA expression levels (Figure [7B](#F7){ref-type="fig"}), ALT2 mRNA was significantly lower in all three tumor types (Figure [7C](#F7){ref-type="fig"}). A decrease of ALT1 protein was observed in sh-HIF-1α, sh-HIF-2α and sh-HIF-1/2α tumors as shown in Figure [7D](#F7){ref-type="fig"}. ALT2 protein levels decreased in sh-HIF-1α and sh-HIF-1/2α tumors (Figure [7E](#F7){ref-type="fig"}). The changes in mRNA and protein expression are consistent with the significant decrease of alanine observed in tumors derived from all three sublines.

![(**A**) Representative western blots showing choline kinase (Chk) expression in tumors derived from empty vector and HIF-silenced cells. Bar plots represents (**B**) alanine aminotransferase 1 (ALT1) and (**C**) alanine aminotransferase 2 (ALT2) mRNA expression levels in tumor xenografts. Values represent mean fold induction ± SEM of the ∆Ct values from 231-EV (*n* = 9), sh-HIF-1α (*n* = 10), sh-HIF-2α (*n* = 8) and sh-HIF-1/2α (*n* = 6) tumors. (**D**) and (**E**) Western blots of ALT1 and ALT2 expression in tumors derived from empty vector and HIF-silenced cells. GAPDH was used as a loading control in the western blots. ^\#^ *p* = 0.08; *p* \< 0.05.](oncotarget-09-15326-g007){#F7}

DISCUSSION {#s3}
==========

The occurrence of tumor hypoxia with tumor growth \[[@R16]\] and the presence of hypoxia in human tumors are well established \[[@R17]\]. Since HIFs mediate the adaptive response of cells to hypoxia, silencing HIFs in this TNBC xenograft significantly affected tumor growth only *in vivo*, since cell doubling time under well oxygenated culture conditions was not affected \[[@R15]\]. Silencing HIF-1α, HIF-2α or combined HIF-1α and HIF-2α had a profound effect on tumor growth. Here, for the first time, we identified new metabolic targets of HIF, and also demonstrated the divergent consequences of silencing HIF-1α and HIF-2α individually on some of these targets (summarized in [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Multivariate principal component analysis (PCA) of these metabolites showed clear clustering of the different groups ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). The *in vivo* data highlight the spatial metabolic heterogeneity that exists in tumors, and the importance of characterizing tumors *in vivo* in addition to cells to understand the complexities of changes following HIF silencing.

In this TNBC xenograft, combined silencing of both HIF-1α and HIF-2α resulted in a significant decrease of amino acids such as alanine (also decreased with HIF-1α or HIF-2α silencing), aspartate (decreased with HIF-1α but increased with HIF-2α silencing), glutamate (decreased with HIF-1α but increased with HIF-2α silencing), glycine (decreased with HIF-1α but not with HIF-2α silencing) and tyrosine (only decreased with combined HIF-1α and HIF-2α silencing), the organic acids such as acetate (did not change with HIF-1α but decreased with HIF-2α silencing), fumarate (did not change significantly with either HIF-1α or HIF-2α silencing), and pyruvate (did not change significantly with either HIF-1α or HIF-2α silencing), the membrane breakdown product glycerophosphocholine (also decreased with HIF-1α or HIF-2α silencing), the substrates glutathione (did not change with HIF-1α but increased with HIF-2α silencing) and myoinositol (also decreased with HIF-1α or HIF-2α silencing). In addition the nucleotide uracil (also decreased with HIF-2α silencing) decreased with combined HIF-1α and HIF-2α silencing. In the lipid phase extracts, we observed a significant decrease of the lipid signals in combined HIF-1/2α silenced tumors, consistent with the *in vivo* data. We have previously identified changes in lipid droplet formation as a major cause of the reduction of lipids in sh-HIF-2α and sh-HIF-1/2α cells \[[@R15]\]. Unlike cells in culture, *in vivo*, tumor necrosis may also contribute to the lipid signal \[[@R18]\]. The reduction of these compounds in tumors with combined HIF-1α and HIF-2α silenced, together with the profound delay in tumor initiation and reduction in tumor growth from these cells, support their investigation as novel targets in TNBC. In addition, the significant decrease of ATP/ADP and NADP in tumors derived from all three sublines suggests that silencing HIF-1α or HIF-2α or combined HIF-1α and HIF-2α had a profound effect on energy levels and on the pentose phosphate pathway \[[@R19], [@R20]\].

Elevated alanine, glutamate, and glycine levels have been frequently observed in breast and prostate cancers \[[@R21], [@R22]\] and have been identified as prognostic markers in TNBC \[[@R21]\]. Alanine and glutamate, are products of glucose and glutamine consumption, and their metabolism in tumors is synthesized by aminotransferase activity \[[@R23]\] that is critical for anchorage independent growth \[[@R24]\]. Cancer cells rapidly convert glutamine to glutamate due to the high expression of mitochondrial glutaminase (GLS).

Glutamate is metabolized to α-ketoglutarate through glutamate dehydrogenase and enters the TCA cycle for the production of pyruvate and ATP. Hypoxia was found to upregulate glutamate dehydrogenase (GDH) in a recent study with lung cancer cells \[[@R25]\]. However we did not detect a decrease of α-ketoglutarate with HIF silencing in our studies, suggesting that glutaminase rather than GDH may have decreased with HIF silencing. Increased secretion of glutamate that disrupts bone homeostasis has been reported in breast and prostate cancer bone metastasis and is responsible, in part, for cancer induced bone pain \[[@R26]\]. Glutamate inhibitors are being developed for the purpose of targeting cancer induced bone pain \[[@R27]\]. Despite a significant decrease of alanine and ALT1/2 expression, glutamine levels increased with HIF-1α silencing and remained unchanged with HIF-2α and combined HIF-1α and HIF-2α silencing.

Apart from glutamine, that is an essential amino acid for cell survival, growth and proliferation, the other major sources of nitrogen carrier/supplier for nucleotide biosynthesis are glycine and aspartate \[[@R23]\]. Glycine, an essential precursor for *de novo* purine nucleotide synthesis significantly decreased in HIF-1α silenced and combined HIF-1α+2α silenced tumors consistent with a previous cell study using Von Hippel-Lindau (VHL) modified human clear cell renal cell carcinoma cells, with HIF-1α, HIF-2α and combined HIF-1α and HIF-2α downregulated \[[@R13]\]. Aspartate contributes to the synthesis of protein and nucleotides and to the electron transfer reaction. Aspartate significantly decreased in HIF-1α silenced and combined HIF-1α and HIF-2α silenced tumors, but increased in HIF-2α silenced tumors.

Creatine, glutathione, taurine and myoinositol decreased with HIF-1α silencing, but with the exception of myoinositol, increased with HIF-2α silencing. Because of these opposing effects, only glutathione and myoinositol decreased significantly in tumors with combined HIF-1α and HIF-2α silenced. Myoinositol is a precursor for the phosphatidylinositol cycle and acts as an osmoregulator at different stages of malignant transformation \[[@R28]\]. Likewise, taurine plays an important role in osmoregulation and volume regulations \[[@R29]\]. Higher concentrations of taurine have been reported in several cancerous tissues, including breast cancer, as compared to non-involved or adjacent tissue \[[@R30]--[@R32]\]. Glutathione is an intracellular oxidant and a scavenger of reactive oxygen species \[[@R33]\]. The pattern of changes in glutathione matched the pattern observed with glutamate, a major substrate in glutathione synthesis \[[@R34]\]. The reduction of creatine may reflect an imbalance of energy production through ATP \[[@R35]\].

Increased phosphocholine arising from higher Chk expression is frequently observed in breast and most other cancers, and is associated with increased aggressiveness \[[@R36], [@R37]\]. An association between Chk and hypoxia has been previously reported \[[@R38]\]. Phosphocholine and Chk decreased in HIF-1α silenced tumors but increased with HIF-2α silencing. As a result phosphocholine did not significantly change with combined HIF-1α and HIF-2α silencing. The increases of Chk and phosphocholine with HIF-2α silencing also suggest that while downregulating HIFs has a dramatic effect on tumor growth, it may also increase aggressiveness within the remaining cells, although this would be dependent upon the net outcome of divergent influences. Phosphocholine is a phospholipid membrane precursor in the formation of phosphatidylcholine, a major component of cell membrane phospholipids. Interestingly, phosphatidylcholine decreased significantly not only in HIF-1α silenced tumors as expected from the decrease of phosphocholine, but also in tumors with combined HIF-1α and HIF-2α silencing. Glycerophosphocholine is a phospholipid membrane breakdown product that decreased in tumors with HIF-1α, HIF-2α and combined HIF-1α and HIF-2α silencing, resulting in an overall decrease of total choline that was also confirmed *in vivo*. Phosphatidylethanolamine that is formed from phosphoethanolamine was not significantly affected suggesting that this pathway was not influenced by hypoxia and HIFs in these tumors.

Acetate, fumarate and pyruvate significantly decreased in tumors with combined HIF-1α and HIF-2α silencing. Only fumarate decreased with HIF-2α silencing, but all three were not significantly altered with HIF-1α silencing. Interestingly, unlike results from cell studies that report on decreased glucose consumption and reduced lactate production \[[@R13], [@R15]\], in tumors we did not observe a significant change in glucose or lactate levels with HIF-1α, HIF-2α or both HIF-1α and HIF-2α silenced. In tumors, vascularization driven substrate delivery plays a major role in the formation of metabolites. Silencing of HIFs may have decreased vascularization and substrate delivery that may explain why the changes in glucose consumption and lactate production observed in cells were not observed *in vivo*. Although tumor tissue was snap frozen in liquid nitrogen within seconds, lactate quantification from extracts may not be completely reliable and lactate was not quantified *in vivo*. Tumor vasculature is typically heterogeneous \[[@R39]\] that may explain the spatial heterogeneity of the total choline maps *in vivo*. In addition, our studies were performed with immune compromised mice to allow growth of human TNBC lines. Future studies with humanized mice with intact immune systems should provide insights into how the HIF regulated pathways and the resultant metabolic changes observed here, especially changes observed in glutamine and glutamate, may modify immune environments in tumors \[[@R40], [@R41]\]. Comparisons in our studies were made with tumors derived from empty vector transfected cells, although ideally additional control tumors should have included tumors derived from MDA-MB-231 cells expressing scrambled shRNA.

Previous studies performed with HIF-1α deficient HCT 116 human colorectal and murine hepatoma HEPA-1 cancer cells \[[@R14]\], as well as with VHL modified human clear cell renal cell carcinoma cells with HIF-1α, HIF-2α and combined HIF-1α and HIF-2α downregulation \[[@R13]\] have provided a wealth of information on the effects of HIF downregulation on cell metabolism. Although cells in culture do not have the complex microenvironment of tumors *in vivo*, several changes observed in these cells were replicated in our observations with MDA-MB-231 tumors. In addition, for the first time we observed changes in fumarate, uracil, nucleosides, lipids and phosphatidylcholine in tumors with HIF silencing.

Our data illustrate the metabolic complexities of the HIF pathways, and the importance of silencing both isoforms of HIF to disrupt metabolic adaptation. In several instances, compounds that decreased with HIF-1α silencing increased with HIF-2α silencing suggesting that the two pathways may have compensatory roles. Understanding the role of HIF-α isoforms in cancer metabolism may provide new insights into targeting hypoxia and improving response to chemo, radiation, and immune therapy.

MATERIALS AND METHODS {#s4}
=====================

Cells and cell culture conditions {#s4_1}
---------------------------------

Cloning and generation of MDA-MB-231 cells stably expressing shRNA against HIF-1α (sh-HIF-1α), HIF-2α (sh-HIF-2α) and both HIF-1α and HIF-2α (sh-HIF-1/2α) using lentiviral transduction is detailed in previously published papers \[[@R15], [@R42]\]. The three genetically engineered MDA-MB-231 sublines sh-HIF-1α, sh-HIF-2α and sh-HIF1/2α, and empty vector MDA-MB-231 cells with no shRNA (231-EV) were maintained in RPMI 1640 medium (Mediatech, Manassas, VA, USA) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO, USA), and maintained at 37°C in a CO~2~ incubator.

Establishment of xenografts {#s4_2}
---------------------------

Tumors were generated by injecting 2 × 10^6^ 231-EV, sh-HIF-1α, sh-HIF-2α, or sh-HIF-1/2α cells in the mammary fat pad of severe combined immunodeficient (SCID) female mice. Weekly caliper measurements of tumor volumes were used to evaluate tumor growth. Number of mice investigated in each group were *n* = 9 for 231-EV, *n* = 10 for sh-HIF-1α, *n* = 9 for sh-HIF-2α and *n* = 7 for 231-HIF-1/2α unless otherwise stated. At the end of the MR imaging studies, tumors were harvested, and partly fixed in formalin for histology and partly processed for molecular and metabolic studies. All surgical procedures and animal handling were performed in compliance with guidelines and protocols approved by the Johns Hopkins University Institutional Animal Care and Use Committee, and conformed to the Guide for the Care and Use of Laboratory Animals published by the NIH.

*In vivo* ^1^H MR spectroscopic imaging {#s4_3}
---------------------------------------

Once tumor volumes were ∼250mm^3^, mice were anesthetized and imaged on a 9.4T Bruker Biospec spectrometer (Bruker Biospin Corp. Billerica, MA, USA). Body temperature of the animals was maintained during imaging by a thermostat-regulated heating pad. Localized *in vivo* proton spectra from tumors were acquired using a homebuilt solenoid coil placed around the tumor. Spectra from a 4 mm thick slice were acquired with a field of view of 16 mm; a matrix size of 16 × 16 × 1024; 4 scans per phase encode step; an echo time (TE) of 120 milliseconds, and a repetition time (TR) of 1 second, using a 2D-CSI (chemical shift imaging) sequence with VAPOR water suppression \[[@R43]\].

Signals at approximately 3.2 ppm from total choline (sum of choline, phosphocholine, and glycerophosphocholine) and at 1.3 ppm from lipids with some contribution from lactate that overlaps with the lipid signal were detected in localized proton MR spectra. Reference 2D-CSI images with unsuppressed water signal were acquired with TE = 20 milliseconds and number of scan (NS) = 1, keeping all other parameters the same. Quantitative maps of total choline and lipids were generated from the spectroscopic images using unsuppressed water signal as an internal reference using an in-house IDL program \[[@R38], [@R44]\].

mRNA and protein expression {#s4_4}
---------------------------

Total RNA was isolated from snap frozen tumors using QIAshredder and RNeasy Mini kit (Qiagen, Valencia, CA, USA) as per the manufacturer's protocol. cDNA was prepared using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). cDNA samples were diluted 1:10 and real-time PCR was performed using IQ SYBR Green supermix and gene specific primers in the iCycler real-time PCR detection system (Bio-Rad). All primers were designed using Beacon designer software 7.8 (premier Biosoft, Palo Alto, CA, USA). The expression of target RNA relative to the housekeeping gene HPRT1 was calculated based on the threshold cycle (Ct) as R = 2-Δ(ΔCt), where ΔCt = Ct of target - Ct of HPRT1.

Expression levels of HIF-1α, HIF-2α, Chk, ALT1 and ALT2 were obtained by immunoblotting. GAPDH was used as a loading control. After blocking with 5% nonfat milk, samples were incubated overnight with mouse monoclonal anti-HIF-1α antibody (1:500 dilution; BD Bioscience, San Jose, CA) or rabbit polyclonal anti-HIF-2α antibody (1:500; GeneTex, Inc. Irvine, CA, USA), or human-specific rabbit polyclonal Chk (1:100 dilution, custom made), or rabbit polyclonal ALT1 (1:1000, Proteintech, Rosemont, IL, USA), or rabbit polyclonal ALT2 (Proteintech) or monoclonal anti-GAPDH (1:50,000, SIGMA). Horseradish peroxidase-conjugated secondary antibodies were used at 1:2000 dilution. Blots were visualized using the SuperSignal West Pico Chemiluminescent substrate kit (Thermo Scientific, Rockford, IL, USA).

Dual-phase extraction and high-resolution ^1^H MRS analysis {#s4_5}
-----------------------------------------------------------

Water-soluble and lipid fractions were extracted from tumor tissue using a dual-phase extraction method \[[@R45]\]. Briefly, the homogenized tumor was mixed with 4 mL of ice-cold methanol and vigorously vortexed. After keeping samples on ice for 10 minutes, 4 mL of chloroform were added, vortexed vigorously and kept on ice for an additional 10 minutes. Ultrasonication under ice-cold conditions was performed for 5 minute with a 1-second pulse interval to make sure all the tissues dissolved completely. Finally, 4 mL of water were added and the samples were vortexed again. All procedures were performed on ice and samples were stored at 4°C overnight for phase separation and then centrifuged at 15,000 × g at 4°C for 10 minutes. The aqueous phase containing water-soluble metabolites was collected \[[@R43]\]. Methanol in the aqueous phase was first evaporated under nitrogen gas, and any water remaining in the aqueous phase was lyophilized. Dried aqueous phase extracts were re-suspended in 0.6 mL deuterated water (D~2~O) for MRS analysis. TSP (3-(trimethylsilyl) propionic 2,2,3,3-d4 acid sodium salt) dissolved in D~2~O was used as an internal standard. Lipid phase extracts were dried under nitrogen gas stream and re-suspended in 0.6 mL deuterated chloroform and methanol in a 2:1 ratio containing TMS 0.05% v/v.

Fully relaxed ^1^H MR spectra of aqueous and lipid phase extracts were acquired on a Bruker Avance 500 spectrometer (Bruker BioSpin Corp.) as previously described \[[@R36]\]. For quantitative analysis of metabolites, integrals of resonances were determined and normalized to tumor weight and compared to the TSP standard (aqueous phase) or TMS standard (lipid phase) to obtain relative concentrations in arbitrary units (A.U.).

Statistical analysis {#s4_6}
--------------------

To determine the statistical significance of the quantified data, an unpaired one tailed Student's *T*-test was performed using Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA). *P* values ≤ 0.05 were considered significant unless otherwise stated.

SUPPLEMENTARY FIGURE AND TABLE {#s5}
==============================
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HIF-1α

:   Hypoxia Inducible Factor 1alpha

HIF-2α

:   Hypoxia Inducible Factor 2alpha

Chk

:   Choline Kinase

MRS

:   Magnetic Resonance Spectroscopy

ATP/ADP

:   Adenosine triphosphate/Adenosine diphosphate

NADP

:   Nicotinamide adenine dinucleotide phosphate.
